Objectives-As SDF-1 and its cognate receptor CXCR4 play a key role in the survival and mobilization of immature cells, we examined whether preconditioning of endothelial progenitor cells (EPCs) with SDF-1 could further promote their capacity to enhance angiogenesis. Methods and Results-EPC exposure to 100 ng/mL SDF-1 for 30 min induced a proangiogenic phenotype, with cell migration and differentiation into vascular cords in Matrigel and increased their therapeutic potential in a nude mouse model of hindlimb ischemia. This pretreatment enhanced EPC adhesion to activated endothelium in physiological conditions of blood flow by stimulating integrin-mediated EPCs binding to endothelial cells. Pretreated EPCs showed significantly upregulated surface ␣4 and ␣M integrin subunit expression involved in the homing of immature cells to a neovasculature and enhanced FGF-2 and promatrix metalloproteinase (MMP)-2 secretion. All these effects were significantly attenuated by EPC incubation with AMD-3100, a CXCR4 antagonist, by prior HSPGs disruption and by HUVEC incubation with anti-intercellular adhesion molecule1 (ICAM-1) and anti-vascular cell adhesion molecule (VCAM) blocking antibodies. Pretreated EPCs adhered very rapidly (within minutes) and were resistant to shear stresses of up to 2500s Ϫ1 . 
T he discovery of bone marrow-derived endothelial progenitor cells (EPCs) in peripheral blood prompted an intensive search for new ways of inducing neovascularization in patients with heart and limb ischemia, based on transplantation of bone marrow-or peripheral blood-derived EPCs. 1, 2 Several studies indicated that local implantation of ex vivoexpanded EPCs improved neovascularization of damaged tissues in animal models of hindlimb ischemia. [2] [3] [4] [5] Contrary to differentiated endothelial cells, administration of EPCs led to increased blood flow in ischemic limbs of nude mice. These immature cells promote neovascularization by differentiating in situ into endothelial cells and by secreting growth factors, cytokines, and proteases that support angiogenic and vasculogenic processes. 6 -8 However, transplantation of autologous EPCs has several limitations, including the limited supply of expanded progenitors, the time required to harvest, expand, and reinject autologous EPCs, and poor graft efficiency. In addition, EPCs appear to undergo unfavorable functional changes during the expansion procedure. 9 This may explain why the capacity of injected EPCs to promote neovascularization is highly variable and depends on the experimental model. 1, 10 The yield is currently so low that very large blood volumes would have to be processed to obtain sufficient EPCs for therapeutic use. The required number of EPCs can be reduced by using local infusion 3, 5, 11 or by concomitant infusion of proangiogenic proteins. 4, 12 In addition, EPCs can be activated before their injection 3, 5, 10 or mobilized into the circulation by cytokines. 7, 13 Cytokines released by damaged tissues mobilize bone marrow EPCs, which then migrate and promote local neovascularization. 7, 8, 14 It is thought that EPCs interact with specific molecules expressed on endothelial cells then roll along the vessel wall until they come into contact with chemokines trapped in the endothelial glycocalyx. Part of this trafficking is regulated by stromal cell-derived factor 1 (SDF-1). Recent studies indicate that the interplay between this cytokine, which is present on the endothelium, and EPC adhesion molecules is the main driving force behind the recruitment process in vivo. 7,14 -16 SDF-1 is believed to activate EPC integrins involved in the extravasation process. SDF-1 can also induce angiogenesis in vivo and is involved in neovascularization of ischemic tissue in experimental animals. 4, 9, 16 Local SDF-1 administration induces the accumulation of transplanted EPCs at sites of ischemia and enhances neovascularization after EPC transplantation. 4 The aim of this study was to take advantage of the proangiogenic properties of SDF-1 with a view to enhancing EPC graft efficiency. We postulated that short EPC exposure to exogenous SDF-1 might increase their transplantation efficiency by enhancing their capacity to adhere to and cross the activated endothelium, and then to differentiate.
Methods
An expanded methods section is available online at http://atvb. ahajournals.org.
Cell Culture and Stimulation
Endothelial cells from human umbilical cords (HUVECs) and EPCs from human umbilical cord blood were isolated, expanded, and characterized as previously described. 17 One day before all experiments, cells were growth-arrested for 24 hours in EBM-2, 2% FCS, released from growth arrest by adding EBM-2, 5% FCS, with various SDF-1 concentrations for various incubation times, then washed and used in angiogenesis and adhesion assays. When needed, blocking anti-CXCR4 mAb (clone 12G5, R&D systems) or AMD3100 (10 g/mL, Sigma) was added 30 min before the agonist SDF-1. Supernatants and cells were separately analyzed after SDF-1 stimulation. All assays were performed in triplicate.
Flow cytometry was used to assess cell surface antigen expression. Details of immunofluorescence staining are given in the Supplemental Data section (http://atvb.ahajournals.org).
Gelatin zymography of culture medium conditioned by SDF-1-treated and untreated EPCs was performed as described elsewhere. 18 HT1080 cell conditioned medium was used as standard. This established cell line constitutively releases pro-MMP-2 (72 kDa) and pro-MMP-9 (92 kDa) into the culture medium. Analysis was performed on culture supernatants by semiautomated image analysis expressed as gray levelϫsurface of lysis band for 1000 cells and referred to gelatinolytic activities of HT1080 media.
In Vitro Angiogenesis Assays
To investigate the effect of SDF-1 on EPC proliferation, adhesion, migration, and differentiation, EPCs were stimulated as described above then detached with versene/0.01% collagenase (1/1) and washed twice with buffered Hank's, 0.5% BSA before use in in vitro angiogenesis assays. Cell outgrowth, proliferation, adhesion, migration, and in vitro tube formation were measured as previously described. 17 For in vitro tube formation assay, pretreated EPCs were seeded on Matrigel in growth factor-depleted basal medium. After 18 h of culture the cells were fixed with glutaraldehyde and stained with Giemsa (original ϫ20). Data were expressed as the comparison of the mean (ϮSEM) total length of tubules (% of control EPCs) formed in each assay.
Real-Time Polymerase Chain Reaction
The theoretical and practical aspects of real-time quantitative RT-PCR on the ABI Prism 7700 Sequence Detection System (PerkinElmer Applied Biosystems) have been described in detail elsewhere. 19 The nucleotide sequences of the primers for TBP and the 10 target genes are given in the Supplemental Data section.
Shear-Flow Adhesion Assays
Tethering, rolling, and flow adhesion experiments were conducted with a parallel-plate flow chamber in physiological shear stress conditions as previously described. 20 To distinguish between the adhesion of pretreated EPCs and that of detached endothelial cells, EPCs were stained with calcein (Fluoroprobes). HUVEC monolayers (7.5ϫ10 5 ) were seeded onto coverslips, maintained at 37°C for 6 days, placed in the flow chamber, and then stimulated by exposure to a shear rate of 50s Ϫ1 for 30 min. Calcein-labeled EPCs in adhesion buffer (cation-free HBSS, 10 mmol/L HEPES, 1 mmol/L CaCl 2 , 1 mmol/L MgCl 2, 2 mg/mL BSA, pH 7.4) were then perfused for 15 min at 37°C at a shear rate of 50s Ϫ1 , and coverslips were washed with adhesion buffer for 10 min. Adherent cells were visualized by phase-contrast microscopy. All experiments were observed in realtime and videotaped for offline analysis. Images from 40 random microscope fields (1 cm 2 ) were collected. Data were expressed as the number of adherent cells per cm 2 . Results were pooled for 4 different experiments in each study.
The pattern of adhesion at 50s Ϫ1 was also analyzed to determine the number of rolling cells (rolling across the entire field), tethering cells, and adherent cells (immediate full arrest). In this condition, the number of cells remaining adherent was expressed relative to the number of cells adhering at a shear stress of 50s Ϫ1 . Adherent EPCs were subjected to detachment by increasing the flow rate from 50s Ϫ1 to 2500s
Ϫ1 . For studies requiring exogenous chemokines, HUVEC monolayers were stimulated for 30 min in flow conditions and exogenous SDF-1 (R&D systems) was added for 15 min immediately before the assay. For antibody inhibition studies, SDF-1-stimulated EPCs were perfused for 30 min on HUVECs preincubated for 30 min in adhesion buffer with the relevant mAb, anti-intercellular adhesion molecule1 (ICAM-1) and anti-vascular cell adhesion molecule (VCAM) (Abcys). Before some flow-based adhesion assays, SDF-1-stimulated or untreated EPCs or HUVECs were pretreated for 2 h at 37°C with 0.5U/mL heparinase I (heparin lyase; EC4.2.2.7; Sigma), 0.1U/mL heparinase III (HS lyase; EC4.2.2.8; Sigma), and 0.2U/mL chondroitinases ABC (chondroitinases ABC lyase; EC4.2.2.4; Sigma).
Mouse Hindlimb Ischemia
Experiments were conducted according to French veterinary guidelines. All experiments used 7-week-old athymic nude mice. The mice underwent surgery to induce unilateral hindlimb ischemia as previously described 3 and were then randomly allocated to PBS or to intravenous injection of EPCs that had or had not been treated with SDF-1. After 2 wk, the ischemic/normal limb blood flow ratio was determined by using a laser Doppler perfusion imaging system (Moor instruments). Vessel density was evaluated by high-definition microangiography using barium sulfate (1 g/mL) injected in the abdominal aorta. Capillary density in the gastrocnemius muscle was assessed by immunostaining as described elsewhere, 3 using a rabbit antimouse-fibronectin antibody (abcys).
Statistical Analysis
Data are expressed as meansϮSEM of at least 3 independent experiments. Significant differences were identified by ANOVA followed by Fisher protected least significant difference test. Statistical analysis was performed with the STATVIEW software package (SAS). Differences with probability values below 0.05 were considered significant.
Results

Characteristics and Adhesion Molecule Profile of EPCs Derived From Cord Blood
EPCs isolated from human umbilical cord blood expressed high levels of CXCR4, the sole SDF-1 receptor, and also high constitutive levels of SDF-1 (supplemental Figure IA and IB) . They expressed significantly more CXCR4 and SDF-1 mRNA than did mature endothelial cells (HUVECs). CXCR4 receptor endocytosis occurred rapidly at all SDF-1 concentrations (supplemental Figure IC) . In our experimental conditions, freshly isolated EPCs responded to SDF-1. 21 SDF-1
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Preconditioning EPCs With SDF-1: Proangiogenic Activityenhanced their proliferation, migration, and differentiation into capillary-like structures on Matrigel and their extravasation through HUVEC monolayers (supplemental Figure II) . Like HUVECs, freshly isolated EPCs expressed ␣2, ␣4, ␣5, ␣6, ␣ L , a M , and ␤1 integrin chains but little or no ␤2 and ␤4 (supplemental Figure IIIA) . Subunit ␣2 and ␣6 integrin chain membrane expression levels, determined by quantitative flow cytometry, were significantly higher on EPCs than on HUVECs (5-fold and 14-fold higher, respectively; supplemental Figure IIIA and IIIB). The basal gene expression of these integrin chains was compared in EPCs and HUVECs by means of quantitative RT-PCR (supplemental Figure IIIB) . Transcripts of ␣M, ␣6, and ␣5 were respectively 2-, 2-, and 4-fold more abundant in EPCs than in HUVECs. Furthermore, when EPCs were exposed for 15 min to a laminar shear stress of 50s Ϫ1 (venous shear conditions), fluorescence-activated-cell sorter (FACS) analysis showed an increase in the expression of ␣ M (50%, PϽ0.001) and ␤2 (35%, PϽ0.01) compared with control floating EPCs (supplemental Figure  IIIC) . These cell surface integrins are involved in cell adhesion to the endothelium. These results suggest that EPCs display stronger homing capacity than mature endothelial cells.
We then examined the effect of SDF-1 stimulation on integrin and proangiogenic growth factor expression levels and gene expression. EPC exposure to SDF-1 for 30 min resulted in upregulation of cell-surface ␣4 (6%, PϽ0.01) and ␣M (67%, PϽ0.001) integrin subunit expression (data not shown). Real-time RT-PCR was also used to determine mRNA levels of the proangiogenic factors VEGF-A and FGF2. No change was observed in VEGF-A or FGF-2 mRNA levels. In the same experimental conditions, FGF-2 release increased 1.5-fold (PϽ0.05) in media conditioned by SDF-1-stimulated EPCs, whereas no significant increase of VEGF release was observed as measured with an ELISA kit.
To examine whether preconditioning of EPCs with SDF-1 could further promote their recruitment in vitro, EPCs were first incubated in starvation medium overnight, then stimulated with SDF-1 (100 ng/mL) for 1 min to 48 h, washed, and used in angiogenesis and adhesion assays.
SDF-1-Stimulated EPCs Show Enhanced Adhesion to Stimulated HUVECs in Physiological Shear Stress
This dynamic model was used to simulate the shear forces encountered by EPCs when they adhere to vascular endothelial cells. No EPCs adhered to unstimulated endothelium. EPC adhesion was dependent on endothelial activation and on the shear rate, as it was optimal at shear rates below 350s Ϫ1 , whereas far fewer cells adhered at 500s Ϫ1 . SDF-1-stimulated EPCs adhered during the first few minutes (much more rapidly than control EPCs). As shown in Figure 1A , short EPC exposure to SDF-1 caused a rapid increase in adhesion to HUVECs (55Ϯ20 treated cells/cm 2 versus 15Ϯ12 control cells/cm 2 ; PϽ0.001). This effect was of the same order with EPCs treated for 30 min and 24 h. Adhesion of SDF-1-stimulated EPCs to flow-activated HUVECs was strongly reduced (PϽ0.001) when cells were pretreated with AMD3100, a specific antagonist of CXCR4 ( Figure 1A) . The observed adhesion process was thus dependent on CXCR4 activation. SDF-1 pretreatment increased the rate of cell tethering to the activated endothelium by about 40% at 50s Ϫ1 ( Figure 1B) . SDF-1-stimulated EPCs adhered firmly to the endothelium and were more resistant than control cells to washing at shear rates up to 2500s Ϫ1 ( Figure 1C ). Treatment with AMD3100 before SDF-1 stimulation increased the percentage of adherent EPCs (8% versus 5% CTRL, PϽ0.05; Figure 1B) . However, these SDF-1-pretreated AMD-EPCs showed poor resistance to detachment ( Figure 1C ). It is known that SDF-1 interacts with cell surface heparan sulfate proteoglycans (HSPGs) with relative high affinity in addition to its receptor CXCR4. 22 Our data suggest that SDF-1-stimulated AMD-EPC activation triggered by SDF-1 bound to HSPGs is not sufficient to induce firm adhesion.
Adhesion was further reduced, by 40 and 60%, respectively, by HUVEC treatment with functional blocking antibodies against ICAM-1 or VCAM-1 (PϽ0.001), suggesting a potential role for ␣ L ␤2 (LFA-1), ␣ M ␤2 (MAC-1), and ␣4␤1 (VLA4), their respective ligands, in the recruitment of SDF-1-stimulated EPCs to HUVEC monolayers ( Figure 1D ).
SDF-1-Stimulated EPCs Show Enhanced Differentiation Into Vascular Tubes in Matrigel
Capillary-like tube formation on Matrigel was also enhanced when EPCs were stimulated with SDF-1. EPCs displayed increased formation of tubular structures when examined microscopically after being plated on Matrigel after 1 min of SDF-1 exposure (Figure 2A and 2B) . No tubular structures were observed with untreated EPCs. Treatment for 30 min, 24 h, and 48 h led to a significantly more extensive tubular network (1.6-fold, PϽ0.001). Immunofluorescence studies showed that SDF-1 pretreatment caused cytoskeleton rearrangement with stress fiber formation; this started 1 to 2 min after stimulation, was maximal at 30 min, persisted at 24 h, and disappeared after 48 h ( Figure 2C ). The tube formation and the reorganization of filamentous actin induced by SDF-1 was completely abrogated by AMD3100. Gelatin zymography of medium conditioned by SDF-1-stimulated EPCs revealed that tube formation coincided with increased secretion of pro-MMP-2, within minutes (1.5-fold, PϽ0.05 Figure  3A and 3B). SDF-1 stimulation thus triggers EPC adhesion to activated endothelium and induces vascular tube formation through cytoskeleton reorganization and FGF-2 and pro-MMP-2 secretion.
SDF-1 Prestimulation Enhanced EPC Therapeutic Potential
By transplanting human EPCs into nude mice, we confirmed the positive effect of SDF-1 prestimulation. Intravenous injection of SDF-1-stimulated EPCs raised the ischemic/ nonischemic limb angiography score by 60% compared to control animals injected with untreated EPCs (PϽ0.01) ( Figure 4A ). Capillary density was 65% and 30% higher in mice transplanted with pretreated cells compared with PBStreated and control EPC-injected mice, respectively (PϽ0.01; Figure 4B ). Intravenous delivery of SDF-1-stimulated EPCs resulted in 25% and 60% greater hindlimb blood flow recovery than in control EPC-treated (PϽ0.05) and PBSinjected (PϽ0.001) animals, respectively ( Figure 4C ). These results demonstrate that SDF-1 prestimulation strongly enhances the therapeutic potential of EPCs in nude mice with hindlimb ischemia.
Role of CXCR4 and HSPG in Vascular Tube Formation and Adhesion of SDF-1-Stimulated EPCs to HUVEC Monolayers
A 30-minute SDF-1 exposure period was chosen to assess the effects of SDF-1 pretreatment on EPC functional activities in greater depth. Because HSPGs play a key role in chemokine presentation to circulating cells, 23 we investigated the role of EPC surface HSPGs in these phenomena. EPCs were treated for 120 min with enzymes that selectively degrade either heparan sulfate or chondroitin sulfate, and were then incubated with 100 ng/mL SDF-1 at 37°C for 30 min. EPC treatment with heparinase III (which specifically removes heparan sulfate) before SDF-1 pretreatment drastically re- duced EPC adhesion to HUVECs in flow conditions (Ϫ90%, PϽ0.001; Figure 5A ) and also reduced tube formation in Matrigel (Ϫ50%, PϽ0.01; Figure 5B ). In the same way, disruption of HSPGs with chondroitinase ABC reduced pretreated EPC adhesion by 90% and tube formation by 40%. Heparinase I pretreatment had a lesser effect in adhesion assays (50% PϽ0.001). EPC exposure to AMD3100 and a mixture of the 3 enzymes completely inhibited SDF-1-stimulated EPC adhesion and reduced tube formation. SDF-1 bound to HSPGs on the EPC surface therefore promotes EPC adhesion in flow conditions and differentiation. This SDF-1-mediated effect would be attributable in part to SDF-1 transportation from the EPC surface to the endothelium. Indeed, when HUVEC monolayers were activated with 100 ng/mL SDF-1, control EPCs showed significant rolling and adhesion ( Figure 6A ). Adhesion of control EPCs to SDF-1-stimulated HUVECs was increased by 60% PϽ0.001, Figure 6A3) . A similar reduction in adhesion was observed when HUVECs-HSPGs were disrupted by a mixture of the 3 enzymes before incubation with SDF-1. SDF-1-stimulated EPCs adhered to endothelium in larger numbers, and evenly over the entire surface of the chamber ( Figure 6B2 ), contrary to control cells ( Figure 6B1 ). When control cells were perfused on SDF-1-pretreated endothelium their adherence was delayed ( Figure 6B3) , and the increase in the number of adherent EPCs was predominant in the distal part of the chamber ( Figure 6B3 ). This lag time in EPC adhesion might correspond to the period of SDF-1 uptake.
Discussion
SDF-1 and its transmembrane receptor CXCR4 play a pivotal role in vasculogenesis and regulate the trafficking of immature stem cells. [7] [8] [9] 16, 24 Enhanced SDF-1 expression and production in the endothelium is essential for the engraftment of human stem cells and for their maintenance in situ. 7, 8, 20, 25 Ex vivo exposure of EPCs to SDF-1 before their injection would be expected to enhance their recruitment from the circulation to ischemic tissue and, thus, their graft efficiency.
We examined whether SDF-1 pretreatment led to firm EPC adhesion to a HUVEC model of vascular endothelium in physiological shear flow conditions, as well as their differentiation into capillary tube structures. We first show that EPCs adhere preferentially to activated HUVEC monolayers in low-flow conditions comparable to those prevailing in the vasculature where angiogenesis takes place. No EPC adhesion to nonactivated HUVECs was observed. In vivo, EPCs generally home to areas of altered shear stress, where the endothelium is activated. 26 These areas are believed to have an effect on the adhesion and extravasation of progenitor cells to ischemic sites, promoting firm adherence to activated endothelium.
We then found that SDF-1 priming leads to a concentrationand time-dependent increase in EPC angiogenic activities. SDF-1 pretreatment enhanced shear-resistant EPC adhesion to activated HUVEC monolayers. SDF-1 pretreatment also promoted extravasation of treated EPCs (data not shown) and their differentiation into tubular structures. These effects involved CXCR4/SDF-1 interaction, as they were significantly reduced after EPC preincubation with AMD3100. As a consequence, SDF-1-stimulated EPCs were more potent than untreated cell for therapeutic revascularization in a model of hindlimb ischemia.
SDF-1 stimulation also upregulated the expression of cellsurface ␣4 and ␣M integrin subunits involved in cell homing to the neovasculature, 7, 9, 27 and the secretion of FGF-2 and pro-MMP-2, which are involved in enhancing cell invasion and vascular remodeling. Our data are in agreement with those of Kodali et al, who underlined the role of SDF-1 in the regulation of pro-MMP-2 levels. 28 The cell surface integrin ␣4 and a M combined with respectively ␤1and ␤2, form ␣4␤1 (VLA4) and ␣ M ␤2 (MAC-1) involved in cell adhesion to the endothelium. In flow conditions, anti-VCAM and anti-ICAM antibodies were both highly effective in blocking SDF-1-pretreated EPC adhesion to activated HUVECs, suggesting that firm adhesion of SDF-1-stimulated EPCs is related to ICAM-1 and VCAM-1 expression on the endothelium. Activation of integrins ␣4␤1 and ␣ M ␤2 are thus crucial for regulating the adhesion of SDF-1-stimulated EPCs to HUVEC monolayers. However, CXCR4 activation by its ligand SDF-1 was not sufficient: AMD3100 treatment before SDF-1 exposure led to an increase in cell adhesion, but the cells exhibited poor resistance to detachment. These findings may help to understand why AMD3100 diminishes CXCR4 ϩ cell incorporation in vivo. 14, 24 In addition, abrasion of HSPGs on pretreated EPCs led to a similar decrease in cell adhesion and differentiation, as EPCs treated with heparinase or chondroitinase did not differentiate, migrate, or adhere to the endothelium. HSPGs are not only involved in stress fiber formation and the size of focal sites of adhesion in HUVECs 23 but also bind and present SDF-1 to endothelial cells. 22 To summarize SDF-1 anchored to HSPGs of pretreated EPCs permits rapid EPC activation via its interaction with its receptor CXCR4. This triggers EPC adhesion by upregulating ␣4␤1 and ␣ M ␤2 integrin expression. The weak expression of selectins by EPCs (data not shown) does not affect the arrest of these cells in flow conditions; several reports show that VLA4 can mediate both tethering and firm adhesion. 29 SDF-1 pretreatment triggered ␣4␤1 and ␣ M ␤2 on the EPC surface to bind VCAM-1 and ICAM, resulting in firm EPC adhesion to activated endothelium. In addition to this established role of SDF-1 in integrin activation, our data suggest a SDF-1 transportation from EPCs-HSPGs to HUVECs-HSPGs which has a positive effect on these events. On arrest on HUVECs, SDF-1 facilitates EPC extravasation through HUVECs. SDF-1-EPC preactivation enhances EPC migration and differentiation through the secretion of pro-MMP-2 and the proangiogenic growth factor FGF-2. HSPGs and immobilized SDF-1 synergistically stimulate EPCs to roll along and adhere to the endothelium.
Ex vivo EPC priming with SDF-1 before transplantation may thus provide an effective therapeutic strategy to improve the recruitment of injected cells to sites of neovascularization and thereby enhance the efficiency of cell therapy for ischemic vascular diseases. 
